The western South Atlantic humpback whale Megaptera novaeangliae population was 12 severely depleted by commercial whaling in the late 19 th and 20 th centuries, and today inhabits a 13 human-impacted environment in its wintering grounds off the Brazilian coast. We identified 14 distribution patterns related to environmental features and provide new estimates of population size, 15 which can inform future management actions. We fitted spatial models to line transect data from 16 2 research cruises conducted in 2008 and 2012 to investigate (1) habitat use and (2) abundance of 17 humpback whales wintering on the Brazilian continental shelf. Potential explanatory variables were 18 year, depth, seabed slope, sea-surface temperature (SST), northing and easting, current speed, wind 19 speed, distance to the coastline and to the continental shelf break, and shelter (a combination of wind 20 speed and SST categories). Whale density was higher in slower currents, at shorter distances to both 21 the coastline and shelf break, and at SSTs between 24 and 25°C. The distribution of whales was also 22 strongly related to shelter. For abundance estimation, easting and northing were included in the model 23 instead of SST; estimates were 14 264 whales (CV = 0.084) for 2008 and 20 389 (CV = 0.071) for 24 2012. Environmental variables explained well the variation in whale density; higher density was 25 found to the south of the Abrolhos Archipelago, and shelter seems to be important for these animals 26 in their breeding area. Estimated distribution patterns presented here can be used to mitigate potential 27 human-related impacts, such as supporting protection in the population's core habitat near the 28 Abrolhos Archipelago. 29
INTRODUCTION 33
The Brazilian coast is inhabited every winter and spring by the western South Atlantic (WSA) 34 humpback whale Megaptera novaeangliae population (also referred to as breeding stock A by the 35
International Whaling Commission). Whales aggregate in coastal waters along the central and 36 northeastern coasts of Brazil to mate and give birth before migrating to feeding areas (Martins et al. Rossi-Santos 2015). Specifically, there is an increasing interest for oil and gas production activities 50 in the area; according to the Brazilian National Agency of Petroleum, Natural Gas and Biofuels 51 (Agência Nacional do Petróleo, Gás Natural e Biocombustíveis, ANP), the majority of the Brazilian 52 petroleum reserves is found in the marine environment (http://app.anp.gov.br). for each segment. This procedure was adopted because the resolution of ETOPO1 was much finer 144 than the size of segments and buffers (between 13 and 16 ETOPO1 cells were included in the 50 km 2 145 buffers and used to compute mean depth values). After extraction of mean depth values, 25 out of 146 511 segments gave values greater than 500 m and were excluded from the analysis because the study 147 area was previously defined as the continental shelf, from the shore up to the 500 m isobath. Slope 148 values were derived from ETOPO1 data and were obtained in the same way, i.e. extracting mean 149 values using the same circular buffers. 150
Distances to physical features (distance to coast and distance to shelf break) were calculated in 151 QGIS or R as the shortest distance between the segment midpoint and the feature. For the distance to 152 coast variable, the Brazilian coastline was obtained from a shapefile provided by SisCom (IBAMA 153 2011). To represent the continental shelf break, the 500 m isobath was generated from ETOPO1 in 154
ArcGIS software using the 'contour tool' function (ArcGIS Desktop: release 10, ESRI). The quasi-Poisson distribution with logarithmic link function was assumed for the response 169 variable (negative binomial and Tweedie distributions were also tested). An offset of ln(segmentbivariate smooth for geographic position, since this included easting and northing. The basis 173 dimension parameter k for the geographic position smooth term was set to 20, and for the univariate 174 smooth terms it was set to 8 (see Wood 2006 for an explanation on setting the dimension parameter). 175
Model selection was conducted using a forward approach (i.e. adding 1 variable at a time), starting 176 with a set of models, each with only 1 candidate explanatory variable. The model selected at each The HUM was designed to investigate which environmental variables were more related to 191 distribution, while the AEM was designed to obtain the best density surface prediction, possibly 192 including northing/easting, which could explain variability that was not explained by the other 193 environmental covariates. 194
Predictions 195
A prediction grid formed by 8 × 8 km cells was created over the entire study area using QGIS. The 196 size of the prediction grid cells was chosen to match that of the segments used in the models. 197
Covariate values for each grid cell were obtained in a similar way as that described for segments, 198 using cell midpoints or buffers around midpoints. Table S7 ). 226 SST was highly correlated with geographic position. Depth, slope and distance to the shelf break were 227 also correlated to each other. Therefore, if one of the above variables was selected at a model selection 228 step, those correlated with it were not considered in subsequent steps of model selection. 229
The selected HUM included the variables distance to coast, distance to shelf break, SST, current 230 speed and shelter, and presented 54.1% of deviance explained. The variable with the most pronounced 231 effect was SST, with a peak around 24−25°C (Fig. 3) . Whale density was positively related to distance 232 to coast and distance to shelf break, but negatively related to current speed, apparent from around 233 0.2 m s −1 and greater. Shelter coefficients indicated differences in whale densities between shelter 234 categories, with significantly (at α = 0.05) higher densities in relatively cold waters with light winds 235 (Table 2; Tables S2 & S3) . 236
The selected AEM included the variables distance to coast, distance to shelf break, current 237 speed, shelter and geographic position ( (Table S6 ). Surface maps for predicted density showed higher numbers in the Abrolhos Bank 247 region, with a concentration area to the south of the Abrolhos Archipelago, which was more 248 pronounced for 2012 (Fig. 4) . Other areas also showed relatively high densities, such as the coast of 249
Alagoas and Sergipe States ( 
Spatial modelling 284
The covariates retained in the models explained a high proportion of the variation in whale density 285 across the surveyed area (deviance explained = 54.1% for HUM; 66.8% for AEM). In addition to this 286 increase in explained deviance, the residual autocorrelation (observed in the HUM) was no longer 287 therefore, that the bivariate smooth for easting/northing included in the AEM is acting as a proxy for 291 un modelled environmental or social characteristics. For example, be cause it was highly correlated 292 with SST, which was not included in the AEM, easting/northing may be representing not only SST 293 but also some other environmental feature(s). This may explain the increase in percentage of 294 explained deviance when SST is substituted by easting/northing in the AEM. 295
Shelter (a combination of SST and wind speed) was created as an environmental feature that 296 could be important to whales that are calving, for example, to represent conditions that may be related 297 to energy saving for the calf (Corkeron & Connor 1999). Because the effects of wind speed on 298 detectability have been accounted for in the estimation of the detection probability, no confounding 299 with the effects of wind in the shelter variable is expected. The response variables in the detectionthe detection process, it is the perpendicular distance (in relation to the trackline); in the spatial models 302 the response variable is abundance (corrected count per segment). Furthermore, wind speed may 303 influence both the detectability of animals and how animals use their habitat, which is supported by 304 the present results. Indeed, a major advantage of DSMs using data from distance sampling surveys is 305 that the effects of variables on detectability and on abundance can be teased apart. 306
The DSM approach permitted inference and extrapolation from the AEM to the area not Shelter, which incorporated SST, was consistently retained in our spatial models and therefore 337 can be considered an important factor in explaining this population's distribution in the breeding area. 338
The fitted relationship for this covariate suggests that relatively slow and moderate surface winds had 339 a significant positive effect on density, when the water was relatively colder. Because wind speed 340
was not selected in the spatial models, our results suggest that wind may be an important habitat 341 feature for WSA humpback whales only when the water temperature is relatively cool. A possibility 342 is that, because temperature is one of the most important features for these animals in the area, they 343 tolerate a range of wind speeds be yond their preferred wind speed when SST is relatively warmer. 344
As mentioned above, because calves may benefit from an environment where they can save body 345 energy reserves, calm conditions at the water surface are likely preferable for calves to swim and to 
